The effects of wall suction on the entropy generation rate in a two-dimensional steady film condensation flow on a horizontal tube are investigated theoretically. In analyzing the liquid flow, the effects of both the gravitational force and the viscous force are taken into account. In addition, a film thickness reduction ratio, , is introduced to evaluate the effect of wall suction on the thickness of the condensate layer. The analytical results show that, the entropy generation rate depends on the Jakob number Ja, the Rayleigh number Ra, the Brinkman number Br, the dimensionless temperature difference , and the wall suction parameter . In addition, it is shown that in the absence of wall suction, a closed-form correlation for the Nusselt number can be derived. Finally, it is shown that the dimensionless entropy generation due to heat transfer, , increases with an increasing suction parameter , whereas the dimensionless entropy generation due to liquid film flow friction, , decreases.
Introduction
Film condensation on a horizontal tube has many thermal engineering applications, including chemical vapor deposition, distillation, and heat exchange. The problem of laminar film condensation flow was first investigated by Nusselt [1] , who considered the case of film condensation on a vertical plate. The results showed that a local balance existed between the viscous force and the weight of the condensate film provided that three simplifying assumptions were satisfied; namely, (1) the condensate film was very thin, (2) the convective and inertial effects were very small, and (3) the temperature within the condensate layer varied linearly over the film thickness. In later studies, researchers investigated the laminar film condensation of quiescent vapors under more realistic assumptions [2] [3] [4] [5] . Yang and Chen [6] investigated the effects of surface tension and ellipticity on laminar film condensation on a horizontal elliptical tube. The results showed that the heat transfer coefficient increased with an increasing surface tension force and tube ellipticity. Hu and Chen [7] investigated the problem of turbulent film condensation on an inclined elliptical tube and found that the heat transfer performance improved as the vapor velocity increased. Additionally, it was shown that a circular tube resulted in a higher heat transfer coefficient than an elliptical tube.
Irreversibilities due to heat transfer and friction inevitably exist in practical thermal systems. This phenomenon, referred to as entropy generation, reduces the energy available to perform work and should therefore be minimized. Bejan [8] proposed a method for minimizing entropy generation in such key applications as power generation, refrigeration, and energy conservation. Bejan [9] also conducted a second law thermodynamics analysis of the entropy generation minimization problem for single-phase convection heat transfer. The same author [10] devised effective methods for minimizing entropy generation in heat transfer systems consisting of flat plates or cylinders placed in a crossflow. Saouli and Aïboud-Saouli [11] performed a second law thermodynamic analysis of the convection heat transfer problem in singlephase falling liquid film flow along an inclined heated plate. In investigating the problem of heat transfer with phasechange, Adeyinka and Naterer [12] analyzed the entropy generation and energy availability in vertical film condensation heat transfer. The results indicated that entropy generation provides a useful parameter for optimizing two-phase systems. Dung and Yang [13] applied the entropy generation minimization method proposed by Bejan in [8] to optimize film condensation heat transfer on a horizontal tube. Their results showed that the optimal group Rayleigh parameter exists over the parametric range investigated for horizontal tube at which the entropy is generated at a minimum rate. Li and Yang [14] applied the entropy generation minimization method to optimize the heat transfer performance of a horizontal elliptical cylinder in a saturated vapor flow. In a recent study, Chang and Wang [15] investigated the heat transfer characteristics and entropy generation rate of a condensate film on a horizontal plate and found that the overall entropy generation rate induced by the heat transfer irreversibility effect is equivalent to the Nusselt number.
The problem of laminar film condensation with wall suction effects has been widely discussed in the literature [16] [17] [18] . In general, the results have shown that wall suction significantly enhances the condensation heat transfer performance. However, the literature lacks a systematic investigation into the effects of wall suction on the entropy generation rate in laminar film condensation on a horizontal tube. Accordingly, the present study performs an analytical investigation into the effects of the Jakob number, Rayleigh number, Brinkman number, dimensionless temperature difference, and suction force on the dimensionless entropy generation rate for a horizontal tube in a stationary saturated vapor. Notably, in performing the analysis, the effects of both the gravitational force and the viscous force are taken into explicit account.
Analysis
Consider a pure vapor in a saturated state condensing on a horizontal and permeable tube (see Figure 1) . Assume that the vapor has a uniform temperature sat and the tube (with diameter ) has a constant wall temperature . If sat is higher than , a thin liquid condensate-layer is formed on the surface of the tube. In analyzing the heat transfer characteristics of the condensate film, the same assumptions as those used by Rohsenow [19] are applied; namely, (1) the condensate film flow is steady and laminar, and thus the effects of inertia and convection can be ignored (i.e., a creeping film flow is assumed); (2) the wall temperature, vapor temperature, and properties of the dry vapor and condensate, respectively, are constant; and (3) the condensate film has negligible kinetic energy. Consequently, the governing equations for the condensate layer can be formulated as follows: continuity equation:
Vapor temperature
Wall temperature
Liquid-vapor interface
Wall suction 
energy equation:
In (1)- (3), the ( , ) coordinates are local coordinates and are used specifically to simplify the governing equations. The local coordinate frame ( , ) and cylindrical coordinate frame ( , ) are related as = ( /2) and = − ( /2). The boundary conditions are given as follows:
at the tube surface, that is, = 0,
at the liquid-vapor interface, that is, = ,
Integrating the momentum equation given in (2) using the boundary conditions given in (4) and (5), the velocity distribution within the condensate film is obtained as
Meanwhile, integrating the energy equation given in (3) using the boundary conditions given in (4) and (5), the temperature profile is obtained as
Utilizing the second law approach proposed by Bejan [8] , the local entropy generation equation for the convection heat transfer within the condensate film is given as
where is the thermal conductivity of the liquid condensate. The local entropy generation equation contains two components, namely, the entropy generation due to heat transfer, , and the entropy generation due to fluid friction, . From (8), and are defined, respectively, as
Substituting the velocity distribution in (6) and the linear temperature profile in (7) into (9) and (10), the local entropy generation due to heat transfer and fluid friction can be rewritten, respectively, as
Integrating (11) with respect to , the local entropy generation across the film thickness is obtained as
Integrating (12) with respect to , the total entropy generation within the condensate film can be derived as follows:
Let the characteristic entropy generation rate be defined as
The dimensionless total entropy generation can then be calculated as
Substituting (16) and (17) into (13)- (15), the dimensionless entropy generation numbers for the heat transfer and fluid friction irreversibilities are obtained, respectively, as follows:
Let the following dimensionless parameters be introduced:
Furthermore, let the dimensionless liquid film thickness be defined as * = .
(20)
Substituting (19) into (18) and using (20) , the dimensionless entropy generation number equations can be rewritten as
However, and cannot yet be derived since * is unknown.
Mathematical Problems in Engineering
To solve * , assume that the first law of thermodynamics and the mass conservation equation are coupled in the governing equations. The schematic presented at the top of Figure 1 shows the energy balance within a small control volume of liquid condensate extending from to + . The energy flow entering the control volume is given aṡi n = {∫ 0 (ℎ + Cp( sat − )) }| , while that exiting the control volume is given aṡo ut = {∫ 0 (ℎ + Cp( sat − )) }| + . Furthermore, the net energy sucked out of the condensate layer is equal tȯs uck = [ (ℎ + CpΔ )V ] , while the heat transferred into the condensate layer as a result of conduction is equal tȯc ond = − ( / ) . Therefore, the overall energy balance in the liquid film, that is,̇i n −̇o ut −̇s uck = cond , can be expressed as
where the first term on the left-hand side of (23) represents the net energy flux across the liquid film (i.e., from to + ), while the second term represents the net energy sucked out of the condensate layer.
Substituting (6) and (7) into (23) and using the correlation = ( /2) , (23) can be rewritten as
For analytical convenience, let the following dimensionless parameters be introduced:
Substituting (25) and (20) into (24) yields the following: *
The boundary conditions for the liquid film thickness are given as * = 0, at = 0, (27a) * → ∞, at = .
Assuming that the wall suction effect is ignored (i.e., = 0), (26) can be expressed as * =0
where * | =0 is the dimensionless local liquid film thickness in the absence of wall suction.
Using the separation of variables method, the analytical solution for the dimensionless local film thickness can be derived as *
The value of * | =0 along the surface of the horizontal tube can then be calculated by integrating ∫ 0 sin
. Let the effect of wall suction on the thickness of the condensate layer be characterized by the following film thickness reduction ratio:
Since * ≤ * | =0 , the value of falls within the range of 0 ≤ ≤ 1. Substituting (30) into (28) the following equation for is obtained:
Setting to 0, the initial condition, (0), is obtained as 
The exact value of (0) in (32) can be determined using the bisection method [20] . The variation of in the direction can then be obtained by substituting (0) and (29) Mathematical Problems in Engineering 5 into (31). Furthermore, the dimensionless local liquid film thickness can be derived as * ( ) = (1 − ) × * =0
In general, the local Nusselt number is given by
where
Substituting (34) into (35), the local Nusselt number can be rewritten as
The mean Nusselt number can then be derived as
Comparing (21) and (38), the dimensionless entropy generation due to heat transfer, , can be obtained as
Results and Discussion
In the present study, the working fluid was assumed to be water vapor (one of the most commonly used liquids in engineering applications). Moreover, for the case where the wall section effect was ignored (i.e., the suction Reynolds number velocity Re was set equal to zero), the mean Nusselt number was derived by substituting = 0 into (38); that is,
In addition, an explicit formulation for the mean Nusselt number was obtained by using a simple numerical method [20] to deal with the integration term ∫ 0 sin 1/3 (4 ∫ 0 sin
in (32), yielding
Yang and Chen [6] used a novel transformation method to investigate the problem of film condensation on a horizontal elliptical tube in the absence of wall suction. However, the parameters defined in [6] differ from those used in the current analysis. Therefore, to enable a direct comparison to be made with the present results, the formulations presented in [6] should be transformed from their original formats and expressed in terms of the current parameters. Based on the derivations presented in [6] , the mean Nusselt number for a circular tube should be transformed as
It is evident that a good agreement exists between (41) and (42). Thus, the basic validity of the analytical model proposed in the present study is confirmed.
As shown in (17) , the dimensionless entropy generation in the condensate layer on the horizontal tube is induced by both heat transfer and liquid film flow friction. In (19) , 0 , Br, and Ψ are defined as 0 = (( − V ) / ) 2 , Br = 2 0 / Δ , and Ψ = Δ / , respectively. It thus follows that (Br/ ) = (( − V ) 2 2 4 / ). For the water vapor considered in the present study, Br/ has a value of 5 given a tube diameter of = 3/8 inches and a temperature of 100 ∘ C. Figure 2 shows that the dimensionless entropy generation caused by heat transfer, , increases with an increasing suction parame-ter, . This finding is reasonable since the thickness of the liquid film reduces with an increasing suction effect and therefore improves the heat transfer performance. Moreover, the finding is consistent with (38) and (39), which show that is equal to times the mean Nusselt number Nu, and Nu increases with increasing . In addition, Figure 2 shows that the dimensionless entropy generation due to heat transfer, , is proportional to (Ra/Ja) 1/4 , as predicted by both (41) and (42). Figure 3 shows that the dimensionless entropy generation due to liquid film flow friction, , decreases with an increasing suction parameter . Again, this finding is reasonable since as the suction parameter increases, a greater amount of liquid is sucked into the porous tube. Consequently, the quantity of liquid condensate on the tube surface is reduced, and thus the entropy generation caused by liquid film flow friction also reduces. Figure 3 shows that the dimensionless entropy generation due to liquid film flow friction, , reduces as (Ra/Ja) 1/4 increases (i.e., an opposite tendency to that observed for (or Nu)). This result is reasonable since a larger value of (or Nu) implies the existence of a thinner condensate film on the tube surface and hence a lower liquid film flow friction.
As discussed above, the dimensionless entropy generation due to heat transfer increases with increasing (Ra/Ja), whereas the dimensionless entropy generation due to liquid film flow friction decreases. As a result, it follows that there should exist a minimum value of the dimensionless total entropy generation, , at a certain value of (Ra/Ja). Figure 4 shows the variation of with (Ra/Ja) as a function of the wall suction parameter for a constant Br/ = 5. It is seen that the minimum value of occurs at (Ra/Ja) opt = 8.56, 6.70, Let the respective effects of the liquid film flow friction irreversibility and heat transfer irreversibility on the entropy generation rate be quantified by an irreversibility ratio / . Clearly, the entropy generation rate is dominated by the liquid film flow friction irreversibility when / > 1, but by the heat transfer irreversibility when / < 1. Figure 5 shows that, for wall suction parameters of = 0, 0.05, 0.1, and 0.2, the contribution of the heat transfer irreversibility to the entropy generation rate is greater than that of the liquid film flow friction irreversibility (i.e., / < 1) when Ra/Ja ≥ 2.90, 2.54, 2.28, and 1.88, respectively. In other words, a higher value of results in a higher heat transfer performance and therefore broadens the range of Ra/Ja over which the heat transfer irreversibility dominates. In practical applications, Ra/Ja has a value of more than 10. Thus, as shown in Figure 5 , the total entropy generation rate is dominated by the heat transfer process between the saturated vapor and the wall.
Conclusion
This study has examined the entropy generation rate in a laminar condensate film on a horizontal tube with wall suction effects. It has been shown that the mean Nusselt number varies as a function of Ra/Ja. Moreover, the dimensionless entropy generation number induced by heat transfer irreversibility is equal to times the mean Nusselt number, while 
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